Protein misfolding is a ubiquitous phenomenon associated with a wide range of diseases. Single-molecule approaches offer a powerful tool for deciphering the mechanisms of misfolding by measuring the conformational fluctuations of a protein with high sensitivity. We applied single-molecule force spectroscopy to observe directly the misfolding of the prion protein PrP, a protein notable for having an infectious misfolded state that is able to propagate by recruiting natively folded PrP. By measuring folding trajectories of single PrP molecules held under tension in a highresolution optical trap, we found that the native folding pathway involves only two states, without evidence for partially folded intermediates that have been proposed to mediate misfolding. Instead, frequent but fleeting transitions were observed into offpathway intermediates. Three different misfolding pathways were detected, all starting from the unfolded state. Remarkably, the misfolding rate was even higher than the rate for native folding. A mutant PrP with higher aggregation propensity showed increased occupancy of some of the misfolded states, suggesting these states may act as intermediates during aggregation. These measurements of individual misfolding trajectories demonstrate the power of single-molecule approaches for characterizing misfolding directly by mapping out nonnative folding pathways.
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protein folding | optical tweezers P rotein folding involves a stochastic search through the configurational energy landscape of the protein to find the native structure. Although most proteins have evolved to fold efficiently into a unique native structure, misfolding (the formation of nonnative structures) occurs frequently in vivo (1) . Cellular processes act to mitigate the effects of misfolding, e.g., by preventing misfolding from occurring with the help of molecular chaperones or by removing misfolded proteins once they have formed through the action of the proteasome (1, 2) . Misfolded proteins that escape such quality-control pathways, however, can lead to a wide range of diseases, such as Alzheimer's, Parkinson's, and the prion disorders (3) .
Biophysical studies of protein misfolding show that it is a very complex process (3). The many different conformations involved, the numerous alternative pathways, and the likely importance of rare or transient states all pose key technical challenges for characterizing misfolding mechanisms. Single-molecule (SM) spectroscopic approaches are well suited to overcome these challenges: Not only are they well established for studying protein folding mechanisms, but they can directly characterize distinct subpopulations, map out folding pathways, and observe rare or transient states (4) . However, SM spectroscopy has not yet been widely applied to characterize protein misfolding. Misfolding has been observed in a few protein constructs using both force (5-7) and fluorescence spectroscopies (8) , and the formation and growth of aggregates has been monitored with fluorescence spectroscopy (9) (10) (11) , but the network of pathways available for misfolding has only begun to be mapped out in any detail (12) and not yet for any disease-related protein.
Here we describe a SM force spectroscopy study of misfolding in the prion protein PrP, a highly conserved membrane-associated protein notable for its ability to misfold into a conformation that is infectious. The infectious form, denoted PrP Sc , recruits natively folded PrP, denoted PrP C , to form additional PrP Sc , thereby permitting transmission between individuals and species (13, 14) . PrP has been studied extensively to elucidate the mechanisms for misfolding and conversion. PrP C has a structured C-terminal domain containing three α-helices and two short β-strands ( Fig. 1A and Fig. S1 ) and an unstructured N-terminal domain (15) (16) (17) . In contrast, PrP Sc is rich in β-sheets (18) . Although its structure remains unknown, several models have been proposed for the amyloid fibers into which it aggregates (19) (20) (21) . Infectivity is believed to arise from oligomeric PrP Sc (22) , with the dominant model for conversion of PrP C to PrP Sc involving seeded nucleation (14) : Fluctuations of PrP C monomers produce a rare, nonnative conformation able to form an ordered, misfolded oligomer that then recruits and stabilizes additional monomers. Partially folded intermediates of PrP have long been proposed to play a key role in this process (23) , as in protein aggregation more generally (3), but evidence for their existence is conflicting: Some studies indicate only two-state folding (24) , whereas others suggest the presence of an intermediate (25) (26) (27) (28) .
Despite significant advances in the characterization of PrP, misfolding and conversion still remain poorly understood, in part because they are difficult to observe directly. There have been few SM studies of prions to date: Yeast prion structural dynamics were studied with SM fluorescence (29) , and the structural interactions within prion amyloid fibers were probed by force spectroscopy (30, 31) , but the properties of individual molecules of PrP-especially their ability to form nonnative structures-have not yet been investigated. To observe misfolding directly in single PrP molecules, we attached kilobase-long DNA handles to the protease-resistant fragment (residues 90-231) of Syrian hamster PrP (SHaPrP), and then bound the handles specifically to polystyrene beads held in optical tweezers (Fig. 1A) . Using the tweezers to apply denaturing tension to a single PrP molecule, we monitored the resulting dynamic structural changes in the protein by measuring the end-to-end extension of the molecule with high spatial and temporal resolution.
Results
The extension of the PrP constructs was first measured while moving the traps apart at a constant rate to ramp up the force, creating force-extension curves (FECs). The extension increased monotonically with force as the handles were stretched (Fig. 1B) until the protein unfolded at approximately 10 pN, causing an abrupt increase in extension and concomitant drop in force indicative of an apparently two-state process (4). Refolding curves, where the force was ramped down, also showed two-state behavior (Fig. S2) . The same two-state behavior, without any distinguishable subpopulations (e.g., different contour length changes or unfolding forces), was displayed by 3,250 FECs measured on seven molecules. The contour length change, ΔL c , determined from worm-like chain (WLC) fits to the FECs (Fig. 1B) , was ΔL c ¼ 34.1 AE 0.4 nm (all uncertainties represent the standard error on the mean). The number of amino acids unfolded, n aa , was calculated from n aa ¼ ðΔL c þ d T Þ∕L aa c , where d T is the distance between the termini of the structured domain and L aa c is the contour length per amino acid (Supporting Information). Given d T ¼ 3.1 nm from the NMR structure (15) and the crystallographic value L aa c ¼ 0.36 nm (32), we found n aa ¼ 103 AE 1, consistent with complete unfolding and refolding of the 104-aa native structure (Fig. S1 ).
FECs probe the folding out of equilibrium, due to the changing force. To investigate the folding under equilibrium conditions, we also measured the extension of the molecule as a function of time while the force was held constant using a passive force clamp (33) . The extension jumped between two values corresponding to natively folded (N) and unfolded (U) PrP as in the FECs, spending very little time between (Fig. 1C) . No intermediates are immediately obvious in these data, despite the proven effectiveness of constant-force measurements for detecting them (34) (35) (36) (37) . Although the observation of two-state folding agrees with some previous ensemble measurements (24), others have inferred the existence of an intermediate (25) (26) (27) (28) . To search for direct evidence of an intermediate that might be too rare or short lived to be readily apparent at first glance, we examined extensive constant-force records (several hours in total) measured at high bandwidth. A passive force clamp was essential here, to avoid artifactual transients from feedback loop closure (Fig. S3 ). Because these measurements were made under equilibrium conditions, the protein must have sampled all possible transitions between different conformations. Any intermediate state, I, on the native folding pathway should thus have been seen not only as a step between U and N when the molecule unfolded or refolded but also as transient excursions from U and, separately, from N ( Fig. S4) .
We first searched for I during the brief time spent moving between N and U. We aligned all transitions on their midpoints [ Fig. 2A measurement resolution and set an upper limit on the lifetime of any putative state I, τ I , we used the transfer function describing the instrument response (Fig. S6 ) to simulate the shape of the average transition that would have resulted from an intermediate located at an extension Δx UI from the unfolded state (Fig. S7A) , as described in Supporting Information. The results are illustrated in Fig. 2C for Δx UI ¼ 7 nm and τ I ¼ 0-100 μs. Multiple simulations using different Δx UI and τ I values (Fig. S7) 
We also searched for transient excursions into a possible intermediate coming from and returning to N, another type of event that must occur at equilibrium if I is on-pathway (Fig. S4) . No transitions from N to any state other than U could be discerned directly from the constant-force records (Fig. 3) . To determine the maximum possible occupancy of such a state consistent with our data, we measured the point-spread function (PSF) of the trap (the distribution of extensions expected due to fluctuations when measuring a fixed contour length), using the reference construct lacking protein (Fig. 4A) . We then binned the extensions in the low-extension (nominally folded) state of the PrP trajectories and fit the resulting histogram to the PSF (Fig. 4B) , looking for peaks corresponding to states with different extension. From the lack of peaks in the residual to these fits (Fig. S8) , we estimate that any short-lived on-pathway intermediate must be occupied less than 0.001% of the time (Supporting Information). Because tension increases the lifetime and occupancy of extended states exponentially (38) , any on-pathway intermediate would have to be exceedingly rare or short-lived at zero force.
Whereas no intermediates were observed on the native pathway, the search for rare and short-lived events did reveal several states with extensions between U and N that were only entered and exited via U and hence must be off-pathway. They were generally very short-lived (approximately 1 ms or less), appearing as "spikes" pointing down from U in the constant-force extension records (Fig. 3A, Inset) . These spikes are not simply part of the extension distribution for U: In contrast to the native state distribution (Fig. 4B) , a histogram of the data in the high-extension (nominally unfolded) state of the constant-force trajectory (Fig. 4C ) reveals a small residual peak between N and U after subtracting the PSF, indicating the presence of extra states. Two additional states are needed to fit the residual: The first, M1, is located 7.1 AE 0.4 nm from U and is occupied 0.6 AE 0.1% of the time; the second, M2, is 10.5 AE 0.5 nm from U and occupied 0.11 AE 0.02% of the time. Very infrequently (approximately 6 hr −1 , occupancy approximately 0.04%), an additional state (denoted M3 in Fig. 3B ) was observed 4.9 AE 0.2 nm from U, with a lifetime of approximately 50-100 ms. From the extensions and occupancies of these states at different forces (Supporting Information), we find that M1 has approximately 40-50 aa folded and is 3 AE 1 kcal∕mol more stable than U at zero force, M2 has 60-70 aa folded and is 5 AE 2 kcal∕mol more stable than U, and M3 has 30-40 aa folded and is approximately as stable as U. Because these states do not lead to the natively folded structure, they must represent misfolded conformations of PrP.
To investigate whether these nonnative states are related in some way to aggregation, we measured the folding of a mutant SHaPrP, C179A/C214A. This mutant aggregates much more readily than wild-type PrP (Fig. S9 ) and can form β-rich oligomers (39) . Because the geometry of the SM assay isolates a single protein molecule, however, aggregation is prevented during the SM measurements, allowing us to probe how the misfolding differs in a monomer that would otherwise aggregate rapidly. FECs (Fig. S10 ) revealed two states with ΔL c ¼ 34 AE 1 nm, the value expected for the native structure, indicating that the native fold forms when the mutant is prevented from aggregating. Similar to the wild-type protein, misfolded states were observed in extension records at constant force (Fig. 5A) , at the same extensions as M1-M3 and with similar kinetic properties. These states were therefore identified as states M1-M3. Notably, however, the occupancy of M1 was increased four-to fivefold and that of M2 by two-to threefold in the mutant as compared to wild-type PrP (Fig. 5 B and C) , indicating that these states were, respectively, 1 and 0.5 kcal∕mol more stable in the mutant (Fig. S11) .
Discussion
These results offer another perspective on the complex structural dynamics of protein misfolding, through direct observation of the conformational fluctuations of single PrP molecules. The picture of the network of folding pathways that emerges for PrP (Fig. 6 ) reveals some surprising details that shed light on PrP misfolding. First, we find that native folding is a two-state process. We see no evidence for any partially folded intermediate on the native pathway, such as hypothesized to mediate misfolding (23), despite previous reports (25) (26) (27) (28) . We cannot completely rule out on-pathway intermediates, because force probes are not sensitive to structural changes that leave the molecular extension unchanged (as in a proposed intermediate where helix 1 restructures (40)); the chemical denaturants and low pH used in most misfolding studies might also produce intermediates not observable under the conditions here. Nevertheless, partially native intermediates in which the structure changes near the termini, such as proposals with a detached β-strand 1 (41) or selectively disordered helices 2 and 3 (28) , are inconsistent with our observations. Instead of misfolding proceeding through an on-pathway intermediate, we find that nonnative structures are only accessible from the unfolded state. Indeed, there is not just one misfolding pathway but rather three of them, leading to different nonnative structures. Remarkably, PrP explores these misfolding pathways more frequently than it does the native pathway: The rates for formation of M1 and M2 estimated from the constant-force trajectories, approximately 15 s −1 and 3 s −1 , respectively (Supporting Information), are considerably higher than the rate for native folding at the same force, approximately 1 s −1 . The relative rates imply that the vast majority (>90%) of all attempts at structure formation lead to nonnative structures rather than the native state, although the resulting misfolded states are not very stable for isolated PrP molecules under these conditions and are thus rarely occupied. One type of misfolding we did not observe, however, despite the amyloid-forming propensity of residues 106-126 (42), was structure within the natively unstructured N terminus of the protein: Even transient structure formation by the N terminus while the C-terminal domain was folded would have produced a detectable peak at short extensions in the residual to the N-state extension histogram fit (Figs. 4B and 5B).
Our results suggest that the key state for misfolding may be the unfolded state (43) , rather than the native state or an on-pathway intermediate. PrP could be unfolded in vivo during translocation or retro-translocation across the endoplasmic reticulum (ER) membrane (44) , providing opportunities to misfold both in the ER and the cytosol. Interestingly, our measurements were made at neutral pH, similar to conditions in the cytosol, ER, and extracellular space. Previous work in vitro found that PrP does not readily misfold at neutral pH, but it does at low pH (45), supporting the hypothesis that PrP Sc develops in endosomes (13) . The misfolded states we found in single PrP molecules are so rarely occupied that they would be unlikely to be detected by ensemble methods, but the high misfolding rates we observe clearly indicate that PrP does indeed readily misfold at neutral pH.
The behavior of the C179A/C214A mutant provides a first look at how the observed misfolding pathways relate to aggregate formation. The β-rich oligomers that this mutant can form are similar to isoforms that have been investigated as possible intermediates for PrP Sc conversion (45) . The fact that the misfolded states M1 and M2 are stabilized in the mutant suggests that they could act as intermediates leading to oligomerization, with the mutation driving increased aggregation via enhanced occupancy of the misfolded intermediates. The existence of different misfolding pathways might possibly relate to the ability of PrP to form different oligomeric structures (46, 47) , but additional measurements will clearly be needed to establish such a link. Additional studies will also be needed to address the question of how the misfolding of isolated PrP molecules relates to PrP Sc formation, e.g., by exploring the effects of mutations enhancing pathogenicity (48), probing the effects of different pH conditions, and observing aggregate formation directly. If M1-M3 are involved, however, the need to completely unfold the native state could support models where the C-terminal domain is significantly restructured in PrP Sc (19) , although partially native structures (20, 21) might still form (despite being unstable in monomeric PrP) if they were stabilized during refolding into an amyloid.
A key feature of this study is the ability to observe very shortlived conformational fluctuations directly within the folding trajectories of single protein molecules, enabled by high time resolution and the capacity to resolve states with extremely low occupancies. The ability to map out the network of pathways that compete with native structure formation provides a powerful platform for investigating the molecular mechanisms of protein 
Methods
Sample Preparation. Truncated wild-type SHaPrP(90-232) was cloned into the pET-15b plasmid between the XhoI and EcoRI sites. N-and C-terminal Cys residues were introduced by mutating Ser residues in the thrombin cleavage site and the prion site S232, respectively. The 19-kDa, His-tagged SHaPrP was expressed in Escherichia coli BL21(DE3), then purified similarly to a previous protocol (49) . PrP was refolded on a nickel-nitriloacetic acid column after purification, with native folding confirmed by circular dichroism spectroscopy (50) . The C179A/C214A mutations were introduced by site-directed mutagenesis, and the mutant was expressed and purified similarly (39) . DNA handles were attached to the protein similarly to a previous protocol (51): Refolded PrP was reduced with tris(2-carboxyethyl)phosphine (TCEP), activated with 2,2′-dithiodipyridine, then reacted with sulfhydryl-labeled DNA handles prepared by PCR (one 798 bp, labeled by biotin, the other 1,261 bp, labeled with digoxigenin). Reference constructs consisting only of the DNA handles without protein were made by creating a disulfide bond between handles. PrP-DNA and reference constructs were incubated at approximately 100 pM with 250 pM polystyrene beads (600 nm diameter labeled with avidin, 800 nm diameter labeled with antidigoxigenin), to form dumbbells (52) . Dumbbells were diluted to approximately 500 fM in 50 mM MOPS, pH 7.0, with 200 mM KCl and oxygen scavenging system (8 mU∕μL glucose oxidase, 20 mU∕μL catalase, 0.01% wt∕vol D-glucose), before insertion into a sample cell for the optical trap.
Measurements and Analysis. Samples were measured in a custom dual-beam optical trap described previously (37) . FECs were measured by moving the traps apart in 1-2 nm steps at pulling rates of 20-230 nm∕s. Data were sampled at 20 kHz, filtered online with an eight-pole 10 kHz Bessel filter, and averaged over each step. Trap stiffness, calibrated as described previously (53), was 0.3 and 0.9 pN∕nm. Multiple FECs from a given molecule were aligned offline to correct for instrumental drift (52) . Aligned data were fit to an extensible worm-like chain model (54) parameterized by L p (polymer persistence length), L c (contour length), and K (elastic modulus). Two WLCs in series were used (37) : one for the handles and one for the amino acids. We treated the handle L c , L p , and K as free parameters for fitting the folded branch of the FECs but thereafter as fixed parameters for fitting the unfolded branch. L p and K for the unfolded amino acids were also treated as fixed parameters when fitting the unfolded branch of the FECs: L p ¼ 0.65 nm (55) and K ¼ 2;000 pN. Hence the latter fit involved only a single free parameter, the unfolded amino acid contour length. The crystallographic contour length of an amino acid, L c aa ¼ 0.36 nm∕aa (32), was used to convert ΔL c into n aa .
Constant-force data were measured with a passive force clamp (33) . Measurements were sampled at 50 kHz and filtered online with a 25 kHz eightpole Bessel filter or sampled at 20 kHz and filtered at 10 kHz. The stiffness of the trap used to measure force was 0.3 pN∕nm. Data were median-filtered offline in a 0-2 ms window depending on the application: 2 ms for separating U and N (as in Fig. 1C ), 0.5 ms for extension histograms (as in Fig. 4) , and unfiltered for measuring the transition between U and N (as in Fig. 2 ). Histograms were binned in 0.05 nm increments. All offline data analysis used custom software in Igor Pro (Wavemetrics).
Additional details are provided in Supporting Information.
